The bond behavior between FRP composites and masonry substrate plays an important role in the performance of externally bonded reinforced masonry structures. Therefore, monitoring the bond quality during the application and subsequent service life of a structure is of crucial importance for execution control and structural health monitoring. The bond quality can change during the service life of the structure due to environmental conditions. Local detachments may occur at the FRP/substrate interface, affecting the bond performance to a large extent. Therefore, Active infrared thermography (IR) technique was used in this study for assessing the bond quality in environmentally degraded FRP-strengthened masonry elements. The applicability and accuracy of the adopted method was initially validated by localization and size quantification of artificially embedded defects in FRP-strengthened brick specimens. Then, the method was used for investigating the appearance and progression of FRP delaminations due to environmental conditions. GFRP-strengthened brick specimens were exposed to accelerated hygrothermal ageing tests and inspected periodically with the IR camera. The results showed environmental exposure may produce large progressive FRP delaminations.
Introduction
Externally bonded composites with fiber reinforced polymers (FRPs) became popular in the last decades for strengthening masonry structures. Advantages such as low weight to strength ratio, high mechanical properties, and ease in application have made these materials a suitable solution for this purpose. However, the performance of the strengthened structure depends intrinsically on the bond between the composite material and the masonry substrate. Failure of the bond interface may lead to deterioration of composite action or premature debonding.
Therefore, a sound understanding of the interface behavior is crucial for design and assessment purposes. Although extensive experimental and numerical studies have been performed on the short-term performance of bond in FRP strengthened masonry elements [1] [2] [3] , its durability and long-term behavior of bond are still an open issues [4] .
Environmental conditions can cause bond degradation and FRP delaminations in the interfacial region which affect the performance of the strengthened structure. Moisture presence in the interfacial region causes reduction of bond strength and fracture energy [5] [6] [7] . Moreover, the failure mode often changes from cohesive to adhesive, and the bond force-slip diagrams show a non-linear trend at a lower applied force. These observations are usually attributed to the extensive moisture plasticization of the polymer adhesive and additional breakage of interfacial bonds [8] . Temperature cycles, keeping the temperature below the epoxy glass transition temperature, may cause degradation of bond and FRP delaminations due to the imposed thermal fatigue or thermal incompatibility problem [4] . Furthermore, exposure to subzero temperatures and freeze-thaw cycles were shown to cause degradation in the bond behavior [9] . Interfacial flaws and defects can also be produced due to chemical incompatibility between the strengthening material and the substrate or poor workmanship, especially in wet lay-up applications.
Partial destructive tests such as pull-off tests have been conventionally used for investigating the bond quality during the service life of a structure or in experimental testing programs. However, these tests are regarded as localized tests, with local loss of strengthening material, and they do not allow to carry out extensive investigations in terms of location or through the structural lifetime [3] . There is thus a need for development and use of nondestructive tests that can provide useful information on the bond condition and allow extensive inspections.
This study focuses on the use of IR thermography technique for detection, localization and quantification of environmentally induced FRP delaminations in FRP-strengthened masonry elements. The infrared (IR) thermography technique has been accepted as an effective method for detection of bond defects in composite structures [10] [11] [12] [13] [14] [15] . The application of this method in detection of FRP-strengthened concrete elements has received extensive attention in the last years [10] [11] [12] [13] , while the information on FRP-strengthened masonry is rare. The technique has been successfully used for detection and quantification of artificial defects, see e.g. [12] , or delamination progress during mechanical tests on FRP-strengthened concrete beams, see e.g. [15] . Meanwhile, the information on the use of this technique for durability assessment is very limited, see e.g. [13] . Although, the previous research shows the applicability of this technique for bond assessment and health monitoring purposes, an extensive investigation on the applicability of this method to FRP-strengthened masonry and detection of bond delaminations due to environmental conditions is required.
A quantitative IR thermography method previously used in [12] was adopted and used here for detection of the environmentally induced delaminations in GFRP-strengthened masonry systems. The applicability and accuracy of the adopted method was initially validated by localization and size quantification of artificially embedded defects (with different sizes) in FRPstrengthened brick specimens. Once the procedure was validated and the test setup was optimized, detection of FRP delaminations induced due to environmental hygrothermal conditions is addressed. The environmental conditions were simulated by performing accelerated ageing tests on the specimens inside a climatic chamber. The appearance and progression of FRP delaminations were monitored with the quantitative IR thermography method and the results are presented and discussed.
IR thermography method

Principles
The IR thermography method has been extensively used in the last years for detection and evaluation of defects in FRP bonded components [16, 17, 12] . Applications are mostly focused on qualitative assessment and localization of the defects. However, once the defects have been located, it is interesting to characterize them quantitatively in order to evaluate the structure performance. Infrared thermography methods can be divided into passive infrared thermography (PIT) and active infrared thermography (AIT) techniques. The difference between these two methods is that external surface heating is required in the AIT, while in the PIT no external heating is applied and the natural surface temperature of the specimen is monitored and analyzed. In other words, in AIT, heat energy is applied to the specimen and the surface response to this energy is analyzed for localization and evaluation of the defects or material discontinuities. Alternatively, the surface temperature of the specimen at ambient conditions is monitored in PIT without application of any heat energy [18] . Suspicious defects and flaws can be distinguished from abnormal temperature profiles on the surface. Special care should be taken in interpretation of the results since anomalous thermal gradients can also be produced due to non-uniform heating or reflection effects.
The main approaches used for surface external heating in AIT technique are pulse heating, step heating, and lock-in thermography [18] . In pulse heating method, a short burst of heat energy is applied to the specimen's surface and thermal images are captured during the surface cooling process.
Step heating consists of application of lower intensity heat energy with a longer duration. In this technique, thermal imaging is conducted during the heating process. Finally, lock-in thermography is similar to the step heating process, with the difference that the applied heat energy is sinusoidal.
Pulse heating and lock-in thermography methods have been used more extensively for nondestructive evaluation purposes [19] . Each of these methods has different advantages and disadvantages. The main limitations of the pulse heating method are the area that can be uniformly heated and inspected, and the depth in which the defect can be detected. In the lock-in thermography method, larger areas can be inspected and defects at greater depths can be detected. However, each frequency of modulation is related to a special defect depth [19] .
Therefore, for inspecting the specimens in their full depth, a range of exposure frequencies should be adopted, and this increases the number of required tests to a large extent. Since FRP delaminations from the masonry substrate are interfacial, the step heating method has been used in this study. Fast and light heaters are available for practical applications, even if difficulties might arise in practical applications on very large structures (e.g. bridges) or rendered FRP applications. For non-rendered applications and for research purposes on the performance and durability of bond, no difficulties occur.
Generally, the adoption of IR thermography technique for evaluation of bond quality is based on the fact that the heat flux is transmitted at different rates in materials with different thermal properties. In a FRP-strengthened element, any defect or delamination in the interfacial region changes the thermal properties in that area. Therefore, if a heat flux is applied to the surface of a FRP-bonded element, the heat will be transferred with a different rate in the defected areas with respect to the perfectly bonded regions. This leads to the appearance of hot or cold spots in thermal images depending on the heat observation method [16] . Heat observation methods can be categorized as reflection and transmission methods. In the reflection observation method, see Fig. 1 (a), the heat source and IR camera are placed at the same side of the specimen and the emitted heat from the specimen's surface is detected and captured as thermal images. In this method, defects appear as hot spots in the thermal images. Alternatively, the heat source and IR camera can be located in opposite sides of the specimen (transmission observation method) and the transmitted heat through the specimen's depth is measured on the surface under investigation, see Fig. 1 (b) . In this method, the defects appear as cold spots in the thermal images. In the reflection observation method, higher resolution is obtained but the thickness of the material that can be investigated is small. The transmission observation method allows inspection of materials with larger thickness but the information through depth is lost [18, 20, 21] .
The present study focused on the use of reflection observation method in detecting interfacial delaminations.
Quantitative IR thermography
In quantitative IR thermography, besides localization of defects or flaws, the physical characteristics of them, such as dimensions, depth and shape, can also be evaluated. Quantitative analysis can be performed following direct analytical methods or inverse methods [18, 22] . Direct analytical methods involve analytical modeling of thermal transfer and propagation inside the material for interpretation of the experimental results. While these models are straightforward in simple conditions, they become complex when the material is not isotropic and the surface roughness of the specimen is taken into account [18] . Inverse methods involve obtaining the defect parameters from the thermographic signals [12, 17] .
As described before, in the pulse thermography technique some heat energy is applied to the specimen for a short period and sequential thermal images are taken from the surface during the cooling process. After application of the heat energy, the temperature decays with time and the resolution of the observed defects changes at different moments. Infrared images are generally noisy and have a low signal-to-noise ratio. Several post-processing techniques are therefore used for further enhancement of the thermal images and quantification of the defects such as thermal contrast technique, thermographic signal reconstruction, pulse phase thermography and principal component thermography [23, 24] .
Thermal contrast method is the most simple and common method used for processing thermographic data. In this method the suitable thermogram is the one that has the maximum contrast between defective and sound areas [18] . The Thermal Signal Reconstruction technique also well known as TSR is used to reduce high frequency temporal noise and amount of data to be manipulated while increasing the spatial and temporal resolution of thermal sequence. In this method it is assumed that the temperature profile of sound areas follow the decay curve given by the 1D solution of Fourier transform. The Pulse phase thermography technique is applied on the thermal sequences using Fourier transform equations. This approach combines the advantages of modulated and pulse infrared thermography through unscrambling the various frequencies launched in pulse infrared thermography and only conservation of the maximum phase components in the corresponding Fourier spectrum [25] . Comparing to thermal contrast method, these methods have the advantage that locating a sound area is not necessary during the analysis and higher image enhancements at greater depths are obtained. Thermal contrast method has been observed to be sufficiently accurate for FRP bonded systems [13, 17] and therefore is adopted in this study.
In thermal contrast method, before application of any analytical algorithm for evaluating the physical properties of the defects, the selection of an appropriate thermogram with the best contrast and resolution is necessary to obtain the highest possible accuracy. Several types of contrasts are defined in the literature such as absolute contrast, differential contrast and normalized contrast [26] . All the contrast methods require having a sound area in the thermogram. This problem has been solved with differential absolute contrast (DAC) [27] in which it is assumed that all the points behave as a sound area in the first few images. The absolute contrast method is applied in this study as also adopted before for FRP bonded systems.
It is usually considered that the most appropriate thermogram is the one with the maximum thermal contrast [17, 12] . Once the most appropriate thermogram has been selected, the size of different defects can be estimated with an adequate algorithm. Several algorithms are proposed by different researchers such as high degree approximation, second order fit and inflection point [12, 23] . The two-point inflection method has been selected here, as it was previously used for detection of flaws and defects in FRP-strengthened concrete elements with reasonable results in [12] . Details about these procedures are addressed next. Fig. 2 shows a typical temperature history of a defect and a sound area obtained from IR thermography tests. The time corresponding to the maximum thermal contrast is defined as the time in which the temperature difference between the sound and defect area is maximum (defined as absolute contrast) [18] , see Fig. 2 . Therefore, the thermogram corresponding to the peak value of the difference curve should be selected for performing the quantitative analysis.
Maximum thermal contrast
Inflection point method
In this method it is assumed that the boundaries of the defects are the inflection points of a fourth order polynomial that is fitted through the temperature profile along the flaw [12] . Fig. 3 shows the longitudinal and vertical temperature profiles of a defect in a sample thermogram. The temperature profile around the defect can be divided into two parts from its center point (left and right). Each part can be estimated with a fourth order polynomial and the inflection points are assumed to be the respective defect boundaries. The total length of the defect along the section under investigation can be obtained by measuring the distance between the two calculated boundaries, see Fig. 4 . To avoid dependency of the results on the defect's selected center point, each calculation has been conducted three times considering a confidence level of 5% for the center point selection. In other words, center point has been moved 5% forwards and backwards and the calculations have been repeated. The results are then presented as the average value of three boundary locations obtained for each zone. It is noted that the approximation should be conducted at different sections and angles along the localized defect for accurately evaluating its area and shape.
Methodology validation
The accuracy of the adopted method in detection and quantification of the interfacial defects in FRP-strengthened masonry elements has been validated in this section. For this reason, GFRPstrengthened bricks specimens with artificial embedded defects of different sizes and locations were prepared and tested with the adopted IR thermography method. The plastic strips were glued to the brick surface only at their extreme boundaries, see Fig.   5 (b). Therefore, not only the movement of the strips was avoided during the FRP application, but also an artificial delaminated area was produced under the strips where there was no bond between GFRP sheets and the brick surface.
The specimens were cured for one month in the laboratory conditions before performing the IR thermography tests.
IR thermography test
The tests were performed with a FLIR ThermaCAM T400 infrared camera with spectral range of 7.5-13 µm and thermal sensitivity of <0.07C. Thermal videos were recorded at the rate of 9 frame/sec, at the cooling stage. The recorded videos were converted into sequential 8-bit digitized photos of 320×240 pixels for each recorded frame. In 8-bit formatting system each pixel has a value between 0 to 255, which represents different colors and temperature variations in a linear scale. The data for each test was converted into 3D matrices with the size of 320×240×t, where the third dimension of the matrix represents time. The temperature decay through time and analysis of the thermal images were then performed through a Matlab code specially developed.
Two lamps with a maximum power of 2000 W were used as heating sources. The lamps were placed at 500 mm distance from the specimens, for 30 seconds. The position and duration of the heat exposure were optimized to obtain the best uniform heat distribution on the specimens' surfaces.
Results and discussion
The temperature history curves of defects with different sizes are shown in Fig. 6 . These curves are obtained at the pixel corresponding to the centroid of each defect. It can be observed that the temperature decay in 5 mm defect is similar to the sound area showing that this defect was not detected with the adopted IR thermography method. The minimum defect size that was detected in the thermal images was 10 mm. It is also shown that the temperature decay in 15, 20, and 25 mm defects are much different from the decay in 10 mm defect. For this reason, the maximum thermal contrast for 10 mm defect has been obtained separately from the other defect sizes, see Fig. 7 . It can be observed that the maximum thermal contrast for 10 and 25 mm defects occur at 4 and 5.5 s of thermal imaging (being slightly different), respectively. The corresponding thermograms have been then selected for evaluating the defects sizes.
The defect dimensions have been calculated following the two-point inflection method.
The calculations have been performed at longitudinal and transverse sections of each defect to obtain the defect's diameter in both directions, see Table 1 . Then, assuming the defect as an ellipse, the area of each defect was calculated. The predicted defects' areas are also given for different defect sizes as normalized to the actual defect area. It can be observed that the defect sizes larger than 10 mm diameter have been predicted with a high degree of precision, with a maximum error lower than 10%. However, the error for the 10 mm defect size is relatively high (18%). The results validate the accuracy and high precision of the IR analysis technique used in this study for GFRP-strengthened masonry elements. Similar observations were reported in [12] for detecting the embedded flaws in CFRP-strengthened concrete elements.
Application to bond durability
The applicability of the adopted IR thermography technique in detection of environmentally induced FRP delaminations is investigated in this section. Environmental conditions were simulated by exposing GFRP-strengthened brick specimens to accelerated hygrothermal tests. The specimens were inspected visually and tested after each fifty cycles of exposure to obtain the bond degradation behavior through time.
The assessment procedure consisted of two main steps. 
Specimens preparation and testing
Unidirectional GFRP sheets with 50 mm width were applied to the bricks surfaces following the wet lay-up procedure. The specimens were prepared following the same procedure as described in sec. 3.1.
Step-by-step preparation procedure and geometrical details of the specimens are shown in Fig. 8 and Fig. 9 .
Environmental exposure
The specimens were exposed to two different accelerated hygrothermal conditions in a climatic chamber. The aim was to investigate the coupling effect of temperature cycles and moisture on the bond behavior. The details of the exposure conditions are shown in Fig. 10 .
In the first exposure, HT, the specimens were exposed to 6 hr temperature cycles from +10C to +50C and constant relative humidity of 90%. In each cycle, the temperature was kept constant at +10C for 2 hr. The temperature was then increased to +50C in 1 hr, followed by 2 hr constant temperature at +50C. Finally, the temperature was decreased again to +10C in 1 hr resulting in 6 hr cycles of exposure. In the second exposure, FT, the specimens were exposed to temperature cycles from -10C to +30C and, again, constant relative humidity of 90%. The aim was to investigate the effect of freeze-thaw on the bond behavior, while having a minimum number of changes comparing to the first exposure. Therefore, similar exposure cycle rates have been adopted with a 20C decrease of the maximum and minimum temperatures. The specimens were subjected to a total of 200 cycles in each exposure condition.
Results and discussion
Five specimens were taken out of the climatic chamber after each fifty cycles of exposure.
Visual inspection and IR thermography tests were performed on the specimens after four days of drying and stabilized in laboratory conditions. Fig. 11 shows typical examples of specimens for each exposure period. Visual inspection and qualitative IR thermography were used for localization of FRP delaminations. Relatively large FRP delaminations were observed in the specimens exposed to HT conditions. On the contrary, the specimens exposed to FT conditions had very small delaminations. The thermal images and detected FRP delaminated areas, from IR thermography tests, for the specimens exposed to HT conditions are presented in Fig. 12 . It can be observed that the FRP delaminations progressively increased with the exposure time. It should be noted that due to the physical properties of the materials used in this study, delaminations were also observable with visual assessment. This advantage could assist us in validating the IR technique in localization of interfacial delaminations. However, in case of strengthening with other composite materials and matrices or application of renderings over the strengthening visual observation is not applicable.
The observed FRP delaminations can be attributed to the thermal incompatibility between materials. However, moisture can also play an important role in weakening the bond strength [5] [6] [7] . The thermal expansion coefficient of clay bricks is in the order of 5×10 -6 /C [28] . The thermal expansion coefficient of E-glass fibers is similar to the clay bricks, while for the epoxy resin is in the range of 3~5×10 -5 /C [29] . This one-order magnitude difference of thermal expansion coefficient between epoxy resin and glass fibers/bricks produces large interfacial thermal stresses at the fiber/epoxy and brick/epoxy interfaces. Cyclic temperature conditions induce thermal fatigue and may cause FRP delaminations from the brick surface during the environmental exposure. The smaller delaminated areas observed in the specimens exposed to the FT conditions, can be explained with the fact that the thermal expansion coefficient of epoxy resins is much lower at low and negative temperatures [30] .
Once the delaminations were localized, the captured thermograms were analyzed according to the two-point inflection method to quantify the FRP delaminated areas. For this reason, the temperature profiles were obtained along the bonded length at longitudinal sections (trying to obtain the edge lines and the center line of the delamination area), see e.g. Fig. 13 to Fig. 15 .
Then, the temperature profiles near the detached areas were fitted with a 4 th order polynomial curve. The inflection point of the estimated curve was selected as the boundary of the FRP delaminated area. Fig. 13 to Fig. 15 show also this calculation process in two different specimens exposed to 100 and 200 cycles of HT conditions.
In the specimen exposed to 100 cycles, delamination was observed in the center of the bonded length, shown as a hot spot in the thermogram presented in Fig. 13 . Therefore, it was necessary to obtain the boundaries of the delaminated area on both sides of the defect in the longitudinal direction, as indicated in Fig. 14 . However, the delamination in the specimen 
Conclusions
Active IR thermography technique was used for detection and quantification of environmentally induced FRP delaminations from masonry substrate. The adopted quantitative algorithm was based on the two point inflection point method. The applicability of this method for detecting FRP delaminations in GFRP-strengthened masonry elements was initially validated using specimens with interfacial embedded defects of different sizes. The IR thermography results showed that the adopted method can be suitably used for detecting defects with a minimum size of 10 mm with a reasonable accuracy in size quantification.
Once the method was validated and test setup optimized, it was used for detection of environmentally induced FRP delaminations. The environmental conditions were simulated by exposing the specimens to two different accelerated hygrothermal conditions in a climatic chamber. The aim was to investigate the coupling effect of temperature and moisture on the bond quality. The specimens consisted of GFRP-strengthened brick specimens prepared following the wet lay-up procedure. The IR thermography tests and visual inspection were performed periodically after each fifty cycles of exposure. Progressive FRP delaminations were observed in the specimens after exposure to environmental conditions. The observed delaminations, being more severe in specimens exposed to HT conditions, can be attributed to the thermal incompatibility between materials and induced thermal fatigue on the specimens. The size of delaminated areas was evaluated quantitatively with the adopted IR thermography method and the results were presented.
The obtained results showed the applicability of IR thermography technique bond health assessment in durability studies for research purposes as well as onsite monitoring in cases in which the FRP surface is not protected with any renderings. However, application of this technique for far field assessments or in cases in which a protective rendering mortar is applied on the FRP surface remains open requiring further investigations. Tables   Table 1. Predicted defect diameters. Fig. 1 . Different heat observation methods in IR thermography technique: (a) reflection observation method; (b) transmission observation method. Fig. 2 . Thermal history curves of sound and delaminated areas. Fig. 3 . Thermogram of a defect. Fig. 4 . Defect boundaries. Zone 1 and Zone 2 represent different left and right sections of the defect around the center point. Fig. 5 . Details of the specimens with embedded interfacial defects: (a) defects details; (b) attachment details. Fig. 6 . Thermal history curves at defect locations and a typical thermogram. Fig. 7 . Maximum thermal contrast evaluation for: (a) 10 mm defect; (b) 25 mm defect. Fig. 8 . Preparation of the brick specimens following the wet lay-up procedure. Fig. 9 . Details of the specimens used for accelerated ageing tests. Fig. 10 . Accelerated hygrothermal exposures for two different diagrams (FT and HT). Fig. 11 . Specimens exposed to different periods of: (a) HT exposure; (b) FT exposure. Fig. 12 . Qualitative assessment of delaminated areas after different periods of exposure to HT conditions, using IR tomography. Fig. 13 . Temperature profiles in a specimen exposed to 100 cycles of HT exposure. Fig. 14 . Delamination boundaries evaluation in a specimen exposed to 100 cycles of HT exposure. Fig. 15 . Temperature profiles and quantitative assessment of delaminated areas in a specimen exposed to 200 cycles of HT exposure. Fig. 16 . Reduction of the bonded area with exposure cycles. 
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